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a b s t r a c t 
The effect of carbon on the point defect migration properties in Fe–Cr alloys with a concentration of 11 
at.% Cr is studied by means of resistivity recovery measurements after low temperature proton irradia- 
tion. The presence of carbon mainly affects features of the resistivity recovery spectra in the temperature 
ranges of (a) 150–200 K, which are linked to self-interstitial defects, and (b) 40 0–50 0 K, which are prob- 
ably due to vacancy and vacancy-carbon complexes. The experimental results are discussed in terms of 
the possible interactions of carbon with radiation defects and its inﬂuence on solute atom re-ordering. 
© 2016 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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2. Introduction 
Carbon is one of the most important alloying elements in steels
laying a key role in the development of the microstructure and
he mechanical properties. It has also a major inﬂuence on the ir-
adiation behavior due to its strong interaction with point defects.
 number of experimental [1,2] as well as theoretical [3,4] works
ave demonstrated the strong inﬂuence of carbon impurities on
he migration and annealing of point defects in iron. It has been
hown that the formation of carbon-vacancy complexes is en-
rgetically favorable and, moreover, these complexes exhibit re-
uced mobility and may serve as nucleation sites for larger va-
ancy clusters and nanovoids. The interaction between carbon and
elf-interstitial atoms is also attractive but signiﬁcantly weaker. 
In the present work we investigate by resistivity recovery mea-
urements the interaction between carbon atoms and radiation de-
ects in Fe - 11 at. % Cr alloys, which are considered as model ma-
erials for the more complex ferritic/martensitic steels with Cr con-
entration in the range 9–12 wt. %. This steel grade is of crucial
mportance for nuclear applications and it is currently considered
s structural material for future energy generating fusion reactors
5] primarily due to its superior resistance to radiation damage ac-
umulation and swelling. However, there are still issues that have∗ Corresponding author. 
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alloys, Nuclear Materials and Energy (2016), http://dx.doi.org/10.1016/j.no be resolved as, e.g, the low temperature irradiation embrittle-
ent. Further development and study of these materials are cur-
ently undertaken and the interaction of radiation defects with so-
ute atoms as carbon is of particular interest since it may play a
ey role in the irradiation performance of these steels. 
The measurement of electrical resistivity is a very sensitive and
eliable method for the study of irradiation defects. The resid-
al resistivity of an irradiated metallic specimen increases by an
mount proportional to the defect concentration. If the irradiation
s performed at a suﬃciently low temperature defect migration is
nhibited and by monitoring the recovery of the resistivity as a
unction of temperature during post-irradiation annealing informa-
ion can be obtained on defect reaction kinetics. For example the
esistivity of pure iron irradiated at liquid helium temperature dis-
lays a sharp drop during annealing at around 100 K due to the
nset of self-interstitial atom (SIA) migration and the associated
acancy-SIA recombination reactions [2] . This is the temperature
ange of the so-called recovery stage I. Detailed studies of resis-
ivity recovery in stage I provided signiﬁcant information on the
roperties of SIAs in iron [2] . 
Measurements of resistivity recovery in concentrated Fe–Cr
lloys with Cr concentrations comparable to ferritic/martensitic
teels have been previously reported in [6–9] and several theoreti-
al works [10–13] have discussed the relevant point defect proper-
ies in correlation with the experimental results. The main ﬁndings
nd their interpretation are brieﬂy summarized here. Stage I recov-
ry is still observed in the concentrated alloys at roughly the samender the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Table 1 
Concentrations of alloying elements in Fe–Cr alloys (at.%). 
Alloy Code Cr C Other Impurities (O, N, P) 
Fe-11Cr 10 .8 0 .002 0 .004 
Fe-11Cr–C 10 .7 0 .380 0 .004 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Proﬁle of the damage generated in the Fe-11Cr alloy foil specimens as a 
function of depth during irradiation by 5 MeV protons. 
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b  temperature range as in iron. However, its amplitude is strongly
suppressed with increasing Cr concentration and its peak is shifted
towards lower temperatures. The former of these two effects has
been attributed to trapping of self-interstitial defects by Cr atoms
whereas the latter to the higher mobility of mixed (Fe–Cr) inter-
stitial dumbbells that occur with increasing Cr concentration. At
higher temperatures the stages II (150–200 K) and III (200–250 K)
are observed which also bear similarity to the corresponding re-
covery stages in pure Fe. In the pure metal these stages are asso-
ciated with the migration of di-interstitials and vacancies, respec-
tively. In the alloy the proposed interpretations are different. Ac-
cording to recent detailed calculations [13] , the appearance of stage
II is due to the detrapping of SIA defects while stage III is due to
vacancy migration which is not signiﬁcantly affected by Cr. How-
ever, other authors suggest that correlated vacancy recombination
may be responsible for recovery features in stage II while SIAs are
released from Cr traps at temperatures close to stage III [7,9] . 
In the present work we employ proton irradiation at cryogenic
temperatures to introduce radiation defects in an Fe–11 at.% Cr al-
loy and a similar alloy doped with carbon. In-situ measurements of
the electrical resistivity are utilized for assessing the associated ra-
diation damage and its recovery during subsequent post-irradiation
annealing. The effect of carbon on point defect properties is re-
vealed by comparing the resistivity recovery of carbon-doped and
undoped Fe–Cr alloy. 
2. Experimental methods 
The starting materials were two high purity alloys obtained
from EFDA 1 with the composition shown in Table 1 as determined
by chemical analysis. Both alloys contain about 11 at. % Cr while
one of them is doped with C to a concentration of 0.38 at. %.
They will be referred as Fe–11Cr and Fe–11Cr–C for the undoped
and carbon-doped case, respectively. These materials were devel-
oped as model alloys with Cr and C concentration similar to that
of ferritic/martensitic steels. They have been prepared by induction
melting under high purity hydrogen and argon to reduce foreign
impurities to the levels shown in Table 1 . The residual carbon con-
tent in Fe–11Cr is approximately 20 appm. 
Both alloys were supplied as cylindrical bars of 10 mm diameter.
Fe–11Cr was in the recrystallized state with a ﬁnal annealing of 1 h
at 800 °C under argon ﬂow followed by air cooling. Fe–11Cr–C was
austenitized for 1 h at 940 °C with subsequent air cooling followed
by 1 h tempering at 760 °C and air cooling. 
Specimens in the form of 50 μm thick foils were prepared by
cold-rolling of thin ( ∼300 μm) wafers cut from the bars by means
of a diamond saw. The specimens were chemically cleaned after
each metallurgical step and ﬁnally electropolished to their ﬁnal
thickness. To relieve the effects of cold-working the Fe–11Cr foils
were annealed for 12 h at 800 °C under a hydrocarbon-free vacuum
of 10 −6 mbar while the carbon doped ones were annealed for 1 h
at 760 °C under the same vacuum conditions. After annealing the
samples were quickly removed from the furnace. Due to the small
specimen mass the cooling rate is equivalent to air cooling of the
bulk alloys. 1 European Fusion Development Agreement. 
d  
m  
o  
Please cite this article as: G. Apostolopoulos et al., The inﬂuence of car
alloys, Nuclear Materials and Energy (2016), http://dx.doi.org/10.1016/j.Inspection by optical microscopy showed that Fe–11Cr exhibits
 ferritic microstructure with large grains of ∼100 μm average size.
n the other hand the carbon doped Fe–11Cr–C displays the char-
cteristic tempered martensitic microstructure which is typical of
–12%Cr ferritic/martensitic steels containing similar concentra-
ions of carbon and subjected to a similar heat treatment [14,15] .
t is well known that part of the C in these materials precipi-
ates in the form of chromium/iron M 23 C 6 carbides after temper-
ng [14,15] and this is also expected to be the case in Fe–11Cr–C.
he amount of carbon that remains in solid solution in the matrix
s expected to be of the order of the solubility at the annealing
emperature, i.e. approx. ∼10 0 0 at. ppm. 
Current and potential leads of pure Fe were spot-welded on the
pecimens for performing the electrical resistivity measurements
ccording to the standard DC four-probe method using a constant
urrent source and a sensitive nano-voltmeter (Keithley Inc). Cur-
ent polarity reversal was used to eliminate thermal voltages. The
esolution of the measurement system was 10 −7 . 
Irradiations were performed in the dedicated materials irradi-
tion facility IR 2 at the TANDEM accelerator of NCSR “Demokri-
os” [16] , which offers the capability for in-situ measurement of
he electrical resistivity during and after irradiation. The samples
ere irradiated by a beam of 5 MeV protons, which have a pro-
ected range of approx. 80 μm in iron as obtained from the ion
ange tables provided by the software SRIM [17] . Thus the ener-
etic protons penetrate fully the 50 μm foil specimens. A detailed
on transport simulation by means of SRIM [17] results in the dam-
ge proﬁle shown in Fig. 1 in terms of vacancies generated per ion
nd per unit length. As it is seen from the ﬁgure the damage pro-
le is fairly ﬂat and thus defects are generated almost homoge-
eously within the irradiated volume. The simulation shows also
hat the number of implanted protons in the specimen is 4 orders
f magnitude lower than the corresponding number of generated
acancies. The total damage in displacements per atom (dpa) as
alculated by SRIM, averaged over the sample thickness, is given
n Table 2 together with the proton ﬂux and maximum ﬂuence uti-
ized in the irradiations. 
During irradiation the sample temperature was kept at 50 K by
 closed-cycle helium refrigerator coupled to the accelerator beam
ine. At speciﬁc time intervals during the irradiation the proton
eam was closed, the sample was cooled down to 20 K and its irra-
iation induced residual resistivity increase was measured. In this
anner the damage generation could be monitored as a function
f dose. The total resistivity increase corresponding to the maxi-bon on the resistivity recovery of proton irradiated Fe −11 at. % Cr 
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Table 2 
Conditions of the 5 MeV proton irradiation. 
 [  · t ] max Total Damage ρ0 i 
(cm −2 s −1 ) (cm −2 ) (dpa) ( μ-cm) 
Fe-11Cr 2.0 ×10 11 2.7 ×10 15 3.8 ×10 −5 0 .57 ± 0.03 
Fe-11Cr–C 1.8 ×10 11 3.1 ×10 15 4.3 ×10 −5 0 .66 ± 0.03 
 - beam ﬂux;  · t - ﬂuence; ρ0 
i 
- max. irradiation induced resistivity 
increase. 
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Fig. 2. (a) Irradiation induced residual resistivity increase ρ i and (b) resistivity 
damage rate as a function of dose in undoped and C-doped Fe–Cr alloys during 
proton irradiation at 50 K. 
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i  um dose is given in Table 2 . Recovery annealing up to 700 K was
erformed in-situ without removing the sample from the irradia-
ion chamber. The annealing temperature was increased in steps
T keeping a constant ratio T / T ≈ 0.03. At each temperature
tep the annealing time t was such that T / t = 1 K/min. At the
nd of each annealing interval the sample was rapidly quenched to
he base temperature of 20 K and the residual resistivity was mea-
ured. Thus the resistivity recovery was measured as a function of
nnealing temperature. 
. Damage generation 
The irradiation induced increase of the electrical resistivity
i is shown in Fig. 2 a as a function of dose for both the pure
nd C-doped samples. The observed almost linear increase is due
o the accumulation of radiation defects since at the irradiation
emperature of 50 K their mobility is signiﬁcantly reduced and
hus there is a low likelihood for annihilation to occur. From Fig.
 a it is deduced that carbon does not have a signiﬁcant effect
n the damage generation. The experimental curves in Fig. 2 a
eviate slightly from a pure linear increase. This is more clearly
een in Fig. 2 b, where the resistivity damage rate ρ i / [  · t ]
s depicted as a function of dose. The damage rate data of Fig. 2 b
re obtained by a point-by-point differentiation of the resistivity
ersus dose curves. The damage rate as a function of dose is well
escribed by a linear relationship a + b  · t , where a and b are
onstants, which is depicted with the dotted line in Fig. 2 b. The
arameter a expresses the initial damage rate at zero dose and b
uantiﬁes the gradual decrease of damage rate. The best-ﬁt values
or the parameters are a = (2.2 ± 0.2) ×10 −22 -cm 3 and b = −(6 ±
) ×10 −39 -cm 5 , respectively. It is noted that the damage rate at
he end of the irradiation is 10% lower than the initial one. 
For a proper estimation of the amount of damage generated
y the proton irradiation the results of the SRIM simulations of
ection 2 have been processed according to the recommendations
f Stoller et al. [18] . In brief, the average damage energy T dam is
btained from the SRIM output and then this value is inserted in
he NRT model of displacement damage [19] to estimate the num-
er of atomic displacements. A displacement threshold energy of
 d =40 eV has been used, which is the value typically used for Fe
20] . The SRIM simulation predicts an average damage energy per
isplacement collision event, T dam =300 eV. Thus, according to the
RT model a number of 0.8 T dam /2 T d =3 Frenkel pairs are generated
er collision. Taking also into account the number of displacement
ollisions per ion from SRIM, the value of the damage cross section
s found equal to σ d = 1.4 ×10 −20 cm 2 . Due to the low damage en-
rgy T dam most of the collisions would result in the production of
solated Frenkel pairs and only a small fraction of defects will form
arger clusters. Recent molecular dynamics simulations of displace-
ent cascades in iron [21] suggest that at this level of damage en-
rgy the fraction of interstitials in clusters would be of the order
f 20% while for the vacancies a smaller fraction is anticipated. 
The resistivity damage rate is equal to ρF σd , where ρF is the
esistivity per unit concentration of Frenkel defects. Equating this
o the experimental initial damage rate a it is obtained that the
pparent value of ρ is (1.6 ± 0.2) ×10 −2 -cm in both undopedF 
Please cite this article as: G. Apostolopoulos et al., The inﬂuence of car
alloys, Nuclear Materials and Energy (2016), http://dx.doi.org/10.1016/j.nnd C-doped Fe–11 at.% Cr. Compared to the Frenkel pair resistiv-
ty of pure Fe ρF (Fe) = (3.0 ± 0.5) ×10 −3 -cm [22] the value ob-
ained here is 5 times higher. This is in agreement with previous
esults of Maury et al. [23] who observed an up to 6-fold increase
f ρF in electron irradiated Fe–Cr alloys with a maximum Cr con-
entration of 3 at.%. These authors attributed the effect to the non-
dditivity of different conduction electron scattering mechanisms
ontributing to the total resistivity. This is also known as devia-
ions from Matthiessen’s rule and in ferromagnetic Fe alloys it is
ainly due to spin dependent electron scattering. In the case of ir-
adiated Fe–Cr the scattering of conduction electrons from Frenkel
efects and Cr atoms has different intensity in the spin-up and
pin-down bands. This may account for the observed increase in
he apparent resistivity per Frenkel defect found here and in [23] . 
Regarding the observed decrease of the damage rate with dose
t can be either due to radiation annealing, i.e., the annihilation of
lready present radiation defects by the new collisions occurring in
heir vicinity, or to the effects of spin dependent conduction dis-
ussed in the previous paragraph. Similar observations of dimin-
shing damage rate in [23] have been attributed to deviations frombon on the resistivity recovery of proton irradiated Fe −11 at. % Cr 
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a
b
Fig. 3. (a) Resistivity recovery and (b) recovery rate as function of annealing tem- 
perature for C-doped and undoped Fe–Cr alloys after proton irradiation at 50 K. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3 
Resistivity recovery stage data. 
Stage Fe-11Cr Fe-11Cr–C 
I ˆ T (K) 95 ± 3 95 ± 3 
A (%) 27 ± 2 27 ± 2 
II ˆ T (K) 195 ± 5 195 ± 5 
A (%) 50 ± 3 42 ± 3 
III ˆ T (K) 240 ± 5 250 ± 5 
A (%) 30 ± 3 33 ± 3 
IV ˆ T (K) 440 ± 10 400 ± 10 
A (%) 28 ± 2 11 ± 2 
ˆ T : Temperature of the maximum in the recovery rate; 
A : total resistivity recovery 
r  
u  
m
 
a  
r  
c  
r  
o  
t  
s  
a  
i  
r  
d  
t
 
r  
s  
i  
o  
i  
[
 
C  
t  
t  
t  
k  
t  
t  
t  
l  
c  
c  
i  
u  
l  
d  
c  
t  
s  
d  
e  
k  
2  
m  
d  
2 We are in the regime of diffusion controlled reactions (cf. [27] ). Matthiessen’s rule by Maury et al. However, the effect of radiation
annealing cannot be excluded. Experimental data extending to suf-
ﬁciently higher dose would be needed in order to discriminate be-
tween these two effects. 
4. Resistivity recovery 
Fig. 3 a shows the resistivity recovery of Fe–11Cr and Fe–11Cr–C
alloys as a function of annealing temperature. The ratio ρi (T ) /ρ
0 
i 
,
where ρ i ( T ) is the remaining resistivity at temperature T , reﬂects
the fraction of radiation defects that survive after annealing at the
given temperature. It is observed that the recovery proceeds sim-
ilarly in the two materials, however the presence of carbon slows
down the recovery process in the Fe–11Cr–C alloy above about
200 K. Notably, in both materials the resistivity recovery becomes
negative above 300 K, i.e., the resistivity of the samples becomes
lower than their pre-irradiation value. Such reduction of resistiv-
ity in irradiated and annealed concentrated alloys has been fre-
quently observed in the past [24,25] and was typically attributed
to solute atom re-ordering taking place during the migration of re-
maining radiation defects. The effect is more pronounced in the
Fe–11Cr alloy. It is noted that this effect is observed in the present
experiments only during post-irradiation annealing. Annealing of
un-irradiated Fe–11Cr and Fe–11Cr–C samples in the temperaturePlease cite this article as: G. Apostolopoulos et al., The inﬂuence of car
alloys, Nuclear Materials and Energy (2016), http://dx.doi.org/10.1016/j.ange 30 0–60 0 K does not result in signiﬁcant changes of the resid-
al resistivity. Thus the observed resistivity reduction above 300 K
ust be associated with the annealing of radiation defects. 
In ﬁg. 3 b the recovery rate −(ρ0 
i 
) −1 ρi (T ) / T is presented
s a function of annealing temperature. ρ i ( T ) = ρ i ( T ) −ρ i ( T −T )
epresents the difference in remaining resistivity between two suc-
essive annealing temperatures separated by T . The graph of the
ecovery rate assists in the identiﬁcation of temperature regions
f fast recovery that may be associated with different defect reac-
ions. The curves in Fig. 3 b show four distinct maxima, or recovery
tages, labeled from I to IV. The temperature of the maximum ˆ T (K)
nd the total recovery A (%) associated with each stage are listed
n Table 3 . The quantity A represents the integrated area beneath a
ecovery peak in Fig. 3 b and it is associated with the percentage of
efects annealed in the temperature range deﬁned from the start
o the end of the peak. 
The effect of carbon on the resistivity recovery is more clearly
evealed in ﬁg. 3 b where it is observed that carbon affects mainly
tages II and IV. There is no effect of C on stage I and only a slight
nﬂuence on stage III. In the next paragraphs we discuss the effect
f carbon on the recovery stages based on the current understand-
ng of recovery processes in Fe–Cr from previous experimental
6–8,23] and theoretical [11,13,26] work. 
We have to take also into account that due to the presence of
, Fe–11Cr–C exhibits a signiﬁcantly different microstructure and
his in turn may affect the recovery. To compare the relative con-
ribution of microstructure features to point defect migration in
he Fe–11Cr–C samples we estimate the associated sink strength
 
2 according to [27] , ch. 5. This quantity offers a description of the
endency of various sinks to absorb point defects independent of
he point defect migration velocity and concentration. For the in-
eraction of mobile point defects with carbon atoms in solid so-
ution the sink strength is given by k 2 
C 
= 4 πR C [ C] where R C is the
arbon/point defect interaction radius and [ C ] the carbon volume
oncentration. For typical values of R ∼ 4 a Fe [2] , where a Fe is the
ron lattice constant, and carbon concentration equal to the sol-
bility ( ∼10 0 0 ppm) we obtain k 2 
C 
∼ 10 14 c m −2 . For point defect
oss to grain boundaries the sink strength is k 2 
GB 
≈ 24 / d 2 , where
 is the grain size. The characteristic laths of the martensitic mi-
rostructure exhibit typical widths of d ∼ 500nm [28] thus we ob-
ain k 2 
GB 
∼ 10 10 c m −2 . Regarding the carbide precipitates, their sink
trength is given by k 2 p = 4 πR p ρp , 2 where R p and ρp are the ra-
ius and volume density of precipitates, respectively. With an av-
rage R p ∼ 100nm and ρp ∼ 10 13 c m −3 [14,15] it is obtained that
 
2 
p ∼ 10 9 c m −2 . Finally, dislocations present a sink strength k 2 d =
 πρd / ln ( R / R d ) ‡ where ρd is the dislocation line density, R is the
ean distance between dislocations and R d is the dislocation/point
efect interaction radius. It is known that ferrous martensites ex-bon on the resistivity recovery of proton irradiated Fe −11 at. % Cr 
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p  ibit high dislocation densities up to ρd ∼ 10 12 c m −2 [28] . Setting
 d ∼ 4 a Fe and R ∼ ρ−2 d it is obtained that k 2 d ∼ 4 × 10 12 c m −2 . Com-
aring the sink strength of the various mechanisms it is seen that
arbon in solid solution is the most important for point defect mi-
ration. The presence of dislocations may also play a role, while
he contribution from grain boundaries and carbide precipitates is
elatively much smaller. 
It is also noted that our discussion of the recovery will be
argely based on considerations relating to isolated Frenkel pairs
he possible effects of small defect clusters that may form during
roton irradiation will not be considered. This is justiﬁed by the
elatively small number of such clusters (at most 20% of the total
efect number) [29] and by the fact that the measured resistivity
ecovery of proton irradiated Fe–11Cr is very similar to previous
esults obtained on Fe–Cr alloys with a similar Cr concentration
nd irradiated with electrons [6] . This similarity is explicitly indi-
ated in the following paragraphs in relation to the various recov-
ry stages. 
Stage I . This stage is attributed to the correlated recombina-
ion of Frenkel defects by the migration of self-interstitial atoms
SIA) to their corresponding near lattice vacancies. In comparison
o pure Fe this stage in concentrated Fe–Cr alloys is observed at
ower temperature and with signiﬁcantly reduced amplitude. The
resent results regarding the temperature position and height of
he recovery peak are in agreement with previous experimental
esults [6,8] obtained after electron irradiation of alloys with sim-
lar Cr concentration. The behavior of stage I has been attributed
y several authors [8,11,13] to the trapping of SIAs by Cr atoms. In
e–11Cr–C despite the high carbon concentration there is no ob-
erved effect of the carbon atoms on the correlated recovery stage
lthough it is known that C impurities may also act as traps for
nterstitial defects in Fe [2] . Apparently the trapping of interstitials
ainly takes place by Cr which is to be expected taking into ac-
ount the much higher concentration of Cr with respect to C. 
Stage II . This stage has been attributed [13] to the release of SIA
efects captured by Cr during stage I migration. According to [13] ,
he SIA-trap dissociation energy is 0.45 eV The interstitials are de-
rapped at higher temperature leading to the occurrence of stage
I in the temperature range 150–200 K. The maximum of stage II
s observed here at ˆ T = 195K , both in the undoped and C-doped
lloys, in agreement with previous observations in Fe–Cr alloys of
imilar concentration [6] . However, the presence of C has a sig-
iﬁcant effect on the total recovery in stage II, which is reduced
y about 10% (cf. Table 3 ). This may be explained by assuming
hat a fraction of the SIAs released from Cr traps during stage II
re re-trapped by C atoms. The associated dissociation energy of
he carbon-SIA complex should be higher than 0.45 eV in order to
urvive stage II recovery. Experiments [2] and recent theoretical
alculations [30] predict a low binding energy of such complexes
n pure Fe, therefore, the higher dissociation energy of carbon-SIA
omplexes assumed here could be attributed either to an increase
n the carbon-SIA binding energy due to the presence of Cr in the
atrix or to the occurrence of complex defect conﬁgurations. Al-
ernatively one might assume that the reduction of stage II in Fe–
r–C is due to absorption of SIA defects by the increased concen-
ration of defect sinks that is present in this material due to its
icrostructure. However, as discussed above, the effect of these
inks on SIA migration is expected to be relatively small and can-
ot explain the large reduction of stage II. This is further supported
y the fact that stage III, which is also most probably due to long
ange migration of point defects (see below), remains almost un-
hanged in Fe–11Cr–C despite the microstructural differences. 
Stage III has been generally associated with vacancy migration,
oth in Fe–Cr alloys [6,13] as well as in pure Fe [2] . The stage is
bserved here in the same temperature range as in previous work
e  
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alloys, Nuclear Materials and Energy (2016), http://dx.doi.org/10.1016/j.nn electron irradiated Fe–Cr [6] . From Fig. 3 b it is seen that the
resence of C in Fe–11Cr–C does not seem to have a signiﬁcant
ffect on the recovery in stage III. This is surprising since accord-
ng to several works [1–4] there is a strong interaction between
acancies and carbon atoms in Fe and it would be expected that
his interaction is also present in Fe–Cr alloys. In the resistivity re-
overy of pure Fe, C has a signiﬁcant effect on stage III; the stage
s shifted to lower temperature and the reaction kinetics changes
rom 2nd order to 1st order [2] . According to Takaki et al. [2] this
s attributed to the capture of the diffusing vacancies by carbon
toms. Essential for this interpretation is also that the speciﬁc re-
istivity of the vacancy-carbon (V-C) complex must be lower than
he sum of the resistivities of the individual isolated defects. How-
ver, there are no theoretical calculations to back up this assump-
ion. In the present experiments, only a small shift of the stage
an be observed in the C-doped alloy and this is towards higher
emperature, i.e., in the opposite direction with respect to the re-
ults in [2] . The present results could be understood by estimat-
ng the concentration of vacancies present before stage III. This is
bout 8 ppm taking into account the initial defect concentration of
0 ppm (see above) and the total recovery in the previous stages
cf. Table 3 ). Comparing the vacancy concentration before stage III
o the residual C content present already in the undoped Fe–11Cr
lloy it is seen that they are of the same order of magnitude. Thus
t could be assumed that already in the undoped Fe–11Cr there
s signiﬁcant interaction between vacancies and carbon and this is
hy the much higher C concentration present in the Fe–11Cr–C al-
oy does not lead to large observable effects in stage III. However,
his does not explain the small shift of the stage towards higher
emperature observed in the C-doped alloy. It is noted here that
heoretical calculations of the resistivity contributions from differ-
nt defects and defect complexes would be very helpful in order
o clarify such issues. 
Stage IV. This stage is clearly related to solute atom re-ordering
ffects since a large part of the negative recovery is developed
ithin the temperature range of this stage, 40 0–50 0 K (cf. Fig. 3 a).
t the annealing temperature of 500 K the fractional resistivity re-
uction is equal to −34 and −16% in Fe–11Cr and Fe–11Cr–C, re-
pectively. A similar resistivity reduction of approx. −10 % has been
reviously observed in an Fe–Cr alloy with Cr concentration close
o 10 at. % after electron irradiation and annealing up to 300 K [7] .
owever, a clear recovery stage has not been previously measured.
e–Cr is known to exhibit short-range ordering at concentrations
elow about 10 at.% and short-range clustering above this concen-
ration [31,32] . Furthermore, it has been observed that the resis-
ivity of unirradiated Fe–10 at.% Cr is slightly reduced during an-
ealing at temperatures above 700 K due to the re-ordering of so-
ute atoms. This resistivity reduction becomes more pronounced at
igher Cr concentration where short-range clustering of Cr occurs
31] . Thus, the resistivity reduction observed here is attributed to
eak short-range clustering of Cr atoms that occurs via the disso-
iation and migration of irradiation defects in stage IV. The defects
nvolved in stage IV could be most probably identiﬁed as the ones
hat form during stage III, i.e., small vacancy clusters and V-C com-
lexes. Thus, in Fe–11Cr stage IV could be attributed to the disso-
iation of vacancy or V-C complexes and the associated migration
f released point defects. Such a process is known to occur in pure
e at 500 K but may be shifted to lower temperatures in Fe–Cr due
o a reduction of the binding energy of the defect complexes. The
eleased vacancies in the matrix assist the diffusion (radiation en-
anced diffusion) of the Cr resulting to its clustering. The suppres-
ion of stage IV in the C-doped alloy could be due to several rea-
ons. First, the martensitic microstructure of Fe–11Cr–C may hinder
he reordering of Cr. Changes in alloy ordering require long range
oint defect migration which may not be possible due to the pres-
nce of high concentration of defect sinks in this material. Alter-bon on the resistivity recovery of proton irradiated Fe −11 at. % Cr 
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 natively, since C is also mobile in this temperature range, it may
interact with V-C to form V-C 2 complexes. Theoretical calculations
show that in Fe these are more stable than V-C [3,4] . Thus in Fe–
11Cr–C a number of vacancies could remain bound in V-C 2 com-
plexes which results in a reduction of Cr enhanced diffusion and
subsequently in less Cr clustering. 
5. Conclusion 
The interaction of carbon with irradiation defects has been
studied in Fe–Cr alloys with an 11 at.% concentration of Cr. Samples
of this alloy doped with 0.38 at.% of carbon as well as undoped
were irradiated at 50 K with 5 MeV protons. The effect of carbon
was revealed by comparing the resistivity recovery of undoped and
C-doped alloys measured during post-irradiation annealing. It was
observed that the presence of carbon affects mainly the stages II
and IV of the recovery spectrum. The reduction of the recovery in
stage II is attributed to trapping of migrating self-interstitial de-
fects by carbon atoms. Stage IV is attributed to short-range Cr clus-
tering occurring during the dissociation and migration of irradia-
tion defects. These defects are identiﬁed as vacancy or vacancy-
carbon clusters. The presence of C suppresses the occurrence of
stage IV. 
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